Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor with a median survival of 12 months. Conventional therapeutic strategies of radiotherapy and chemotherapy are inadequate to eradicate GBMs because of the diffuse nature of GBM, acquired or innate resistance to therapy and the presence of blood--brain--barrier (BBB).^[@bib1],\ [@bib2]^ To alter the *status quo* that has remained unchanged over 25 years, novel targets and therapeutic strategies need to be developed.

Evasion of apoptosis is a key hallmark of cancers that exhibit resistance against therapeutics,^[@bib3]^ making the reactivation of dormant apoptotic programs a favorable approach in treatment. Activating extrinsic apoptosis using death ligands, such as tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), is a promising strategy because of its tumor specificity.^[@bib4]^ Several TRAIL-based therapies such as recombinant human TRAIL and death receptor agonists have been developed and have shown success in preclinical models.^[@bib5]^ Similarly, activating intrinsic apoptosis by inhibiting the antiapoptotic Bcl-2 proteins, Bcl-2 and Bcl-XL, with BH3 peptides has shown success in preclinical tumor models.^[@bib6],\ [@bib7]^ However, the major obstacle in proapoptotic therapies is innate or acquired resistance of tumor cells to the proapoptotic agents.^[@bib8]^

Aberrant regulation of the apoptosis pathway components could be responsible for the failure of desired response to the proapoptotic agents.^[@bib3]^ One well-characterized misregulation is the epigenetic silencing of proapoptotic genes, such as death receptor 4 (*DR4*).^[@bib9]^ However, epigenetic regulation of chemotherapy response of cancer cells has been demonstrated to be dynamic and reversible.^[@bib10]^ Numerous studies have shown that overcoming TRAIL resistance is possible by using secondary agents, such as the histone deacetylase inhibitors,^[@bib11],\ [@bib12],\ [@bib13]^ corroborating the idea that the resistance can be reversed by epigenetic reprogramming.

The epigenome of cells are maintained by dynamic histone and DNA modifications throughout the chromatin by a group of chromatin-modifying enzymes (CMEs) called 'writers' such as histone acetyltransferases, histone methyltransferases (HMTs) and DNA methyltransferases (DNMTs).^[@bib14]^ These modifications can be removed by 'erasers' such as histone deacetylases (HDACs) and histone demethylases (HDMs), or can be recognized by 'readers' such as bromodomain-containing proteins.^[@bib15]^ Although the molecular mechanisms leading to aberrant cancer epigenomes are becoming better understood,^[@bib16],\ [@bib17],\ [@bib18]^ most studies in GBM merely focus on DNA hyper/hypomethylation.^[@bib19]^ Therefore, an unbiased and comprehensive assessment of roles of CMEs in apoptosis resistance is needed.

In this study, we aimed to interrogate the function of CMEs regulating apoptotic response in GBM and undertook a loss-of-function approach using short-hairpin RNAs (shRNAs) that were designed against a select but diverse set of CMEs and associated proteins. We have shown that loss of KDM2B -- a H3K36-specific histone demethylase -- primed GBM cells for apoptosis through the induction of proapoptotic genes and the suppression of antiapoptotic genes. Our results suggest KDM2B as a novel central epigenetic regulator of GBM cell apoptosis and identify it as a potential proapoptotic target for future of GBM treatment.

Results
=======

Interrogation of the CMEs reveals KDM2B as a modulator of TRAIL-induced apoptosis in GBM cells
----------------------------------------------------------------------------------------------

To identify the key CMEs regulating the apoptotic response of GBM cells, we applied a shRNA-based loss-of-function screen in U87MG cell line ([Figure 1a](#fig1){ref-type="fig"}). We used a library of 60 shRNAs published before,^[@bib20]^ and expanded it to 125 shRNAs targeting 48 different CME genes with two or three separate shRNAs. The targeted CMEs included DNMTs, HMTs, HDMs, methylated DNA-binding proteins, polycomb-group proteins (PRCs) and a few transcription factors ([Figure 1b](#fig1){ref-type="fig"}). We first assessed the effects of shRNAs alone on U87MG cell viability, to identify shRNAs displaying intrinsic toxicity before TRAIL treatment. Two of the 125 shRNAs were eliminated from further analysis in the screen as they caused \~100% cell death after puromycin selection, possibly due to problems with viral packaging. Accordingly, 6 out of 125 shRNAs reduced cell viability more than 2 S.D. compared with shControl ([Figure 1c](#fig1){ref-type="fig"}). These were shRNAs targeting KDM5C (68±1%), KDM4C (71±1%), KDM4A (75±1%), KDM4A (75±1%), Set1A (77±1%) and KDM3B (77±1%). Five out of 125 shRNAs targeting MeCP2 (115±1%), MBD1 (115±1%), AHCY (117±5%), TCF3 (117±1%) and EZH1 (121±2%) caused minor increases in viability. However, the majority of the shRNAs did not significantly alter cell viability ([Figure 1c](#fig1){ref-type="fig"}). To identify shRNAs that modulated TRAIL sensitivity, we assessed the percent viability changes after TRAIL treatment. Accordingly, we categorized CMEs into two groups based on the phenotype observed upon their silencing compared with shControl cells: (1) suppressors of apoptosis, if their knockdown sensitized the cells to TRAIL, (2) enhancers of apoptosis, if their knockdown conferred cells more TRAIL resistant ([Figure 1d](#fig1){ref-type="fig"}). While TRAIL caused 25±4% reduction in the viability of shControl cells, there were seven shRNAs that sensitized cells to TRAIL. These were targeting five genes, namely *Suv39H2* (41±2%), *G9A* (42±2%), *NR2F2* (45±4%), *RING1A* (48±2 or 50±3%) and *KDM2B* (41±2 or 44±2%) ([Figure 1e](#fig1){ref-type="fig"}). We then focused on the genes *RING1A* and *KDM2B*, whose knockdown led to a phenotype with two independent shRNAs ([Figure 1e](#fig1){ref-type="fig"}). Taken together, our screen identified KDM2B and RING1, an H3K36-specific demethylase and an E3 ubiquitin-protein ligase of H2AK119, respectively, as novel regulators of TRAIL response.

Loss of KDM2B cooperates with TRAIL to reduce GBM cell viability
----------------------------------------------------------------

To assess the function of the novel apoptosis-modulating CMEs we identified in GBMs, we first checked the knockdown efficiency of the shRNAs and observed silencing down to 17--40% ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We then focused on KDM2B, as its protumorigenic functions have been demonstrated in various solid and hematological malignancies;^[@bib21],\ [@bib22]^ however, its function in GBMs was not defined. Quantitative RT-PCR (qRT-PCR) analysis of *KDM2B* levels revealed that both shRNAs reduced *KDM2B* mRNA levels down to \~50% ([Figure 2a](#fig2){ref-type="fig"}). However, shKDM2B-2 led to a more robust reduction at protein levels ([Figure 2b](#fig2){ref-type="fig"}). To assess whether the shRNAs targeting KDM2B is specific, we checked the levels of other KDM family members upon KDM2B knockdown and observed no major alterations in their levels ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

To further validate the screen results, we conducted ATP-based cell viability analysis of cells transduced with both shKDM2B vectors and verified that cells with reduced KDM2B exhibit cell death significantly more than the controls ([Figure 2c](#fig2){ref-type="fig"}). To examine these differences in cell death further, we used an assay that measures cell growth in real time, where cells' electrical impedance in a well is measured and transformed into a cell index. Accordingly, silencing of KDM2B not only augmented TRAIL response but also accelerated the process of cell death ([Figure 2d](#fig2){ref-type="fig"}). There was no observable difference between untreated cells, showing that KDM2B knockdown has no significant effects on short-term (24 h) proliferation dynamics. This phenotype was also validated by live-cell imaging, where the morphology of individual cells, as well as cell death processes, was observed in real time ([Figure 2e](#fig2){ref-type="fig"} and [Supplementary Videos 1--4](#sup1){ref-type="supplementary-material"}). As shown by automated quantification of cellular blebs that were indicative of apoptotic bodies, the process of apoptosis was accelerated in shKDM2B cells compared with controls ([Figure 2f](#fig2){ref-type="fig"}). The number of apoptotic bodies per frame reached its maxima within 6 h of TRAIL treatment in shKDM2B cells, earlier and significantly in higher numbers than shControl cells. To examine whether KDM2B effects can be recapitulated in additional GBM cell lines, we used a more TRAIL-sensitive line, T98G in parallel. There, KDM2B knockdown led to increased TRAIL sensitivity, in accordance with U87MG cells ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

Next, as a complementary approach, we tested whether overexpression of KDM2B would result in an opposite response for TRAIL. Accordingly, KDM2B overexpression led to a modest but significant reduction in TRAIL response in U87MG cells ([Figures 2g, h](#fig2){ref-type="fig"} and [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). KDM2B overexpression conferred T98G cells more resistant to TRAIL as well ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Taken together, our data suggest that KDM2B expression suppresses TRAIL response and therefore its inhibition leads to increased TRAIL sensitivity in GBM cells.

Silencing of KDM2B sensitizes GBM cells to TRAIL-induced apoptosis
------------------------------------------------------------------

To better understand how downregulation of KDM2B reduces viability and increases TRAIL response, we examined the components of the apoptotic machinery in shControl and shKDM2B cells. We observed a 3-fold increase in caspase-3/7 and a 2.5-fold increase in caspase-8 activity levels ([Figures 3a and b](#fig3){ref-type="fig"}). Analysis of the whole-cell lysates of shControl and shKDM2B cells revealed that caspase-7 is indeed upregulated in shKDM2B cells at the protein level ([Figure 3c](#fig3){ref-type="fig"}). Importantly, we observed that there is a significant increase in levels of cleaved PARP, caspase-3 and caspase-7, all of which are indicators of apoptotic cell death. We have also observed a very slight increase in cleaved Bid levels in shKDM2B cells upon TRAIL treatment ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

To test the functional roles of caspases in shKDM2B-mediated apoptotic sensitization, we used specific inhibitors for caspase-8, -10 (Z-IETD-FMK) and caspase-9 (Z-LEHD-FMK). In addition, we used a general caspase inhibitor that target caspase-8, -10, -9, -3 and -7 (Z-VAD-FMK), and an inactive caspase inhibitor (Z-FA-FMK) as control. In both shControl and shKDM2B cells, inhibition of all caspases abolished the TRAIL response, suggesting that the observed augmented apoptotic response in shKDM2B cells was dependent on both intrinsic and extrinsic apoptosis pathways ([Figure 3d](#fig3){ref-type="fig"}).^[@bib23]^

To examine whether KDM2B modulates the response of GBM cells to proapoptotic agents that trigger intrinsic apoptosis, besides the extrinsic apoptosis that is triggered by TRAIL, we conducted cell viability experiments with Bcl-2/Bcl-XL inhibitors, ABT-263 and ABT-737 ([Supplementary Figures 7 and 8](#sup1){ref-type="supplementary-material"}). While ABT-263 or ABT-737 alone did not markedly decrease cell viability, combination of ABT-263 or ABT-737 with TRAIL did. We observed that knockdown or overexpression of KDM2B in U87MG cells did not affect this cell line's overall response to ABT-263 and ABT-737 individual treatments. However, knockdown of KDM2B sensitized these cells to ABT and TRAIL combination ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}), and KDM2B overexpression was able to confer GBM cells more resistant to ABT and TRAIL combination ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}). These results suggested that the interplay between KDM2B and apoptosis is likely to be valid for both the intrinsic and extrinsic arms of apoptosis.

Silencing of KDM2B leads to deregulation of apoptosis-related genes
-------------------------------------------------------------------

KDM2B can bind throughout the genome by its CxxC-binding domain,^[@bib24]^ and its catalytic demethylase activity on the H3K36me2/me3 residues is associated with gene repression. However, the genes that are regulated in favor of apoptosis in GBM cells are unknown. To this end, we conducted RNA-sequencing (RNA-seq) analysis on shControl and shKDM2B cells. *KDM2B* expression levels were downregulated in shKDM2B cells compared with shControl cells −3.049-fold (adjusted *P*-value 7.51E−91), attesting to the validity of RNA-seq experiments. In total, 2457 genes were differentially expressed between shControl and shKDM2B cells. Ingenuity pathway analysis of these genes revealed that 'cell death and survival' and 'cellular growth and proliferation' pathways were among the top 10 that were significantly different between shControl and shKDM2B cells with --log *P*-values of 25--30 ([Figure 4a](#fig4){ref-type="fig"}). Five out of the top 10 altered functions were categorized as 'cell death and survival' where these gene sets were predicted to be activated with activation *z*-scores of \>2.5 ([Figure 4b](#fig4){ref-type="fig"}). In addition, top 2 of these 10 categories were 'cell death and survival', suggesting that KDM2B silencing alters cell death- and survival-associated genes in GBM cells.

We were particularly interested in the cell death-related pathway in the shKDM2B cells, and therefore focused our attention on individual differentially expressed genes and generated a custom list of apoptosis-related genes that, when deregulated, can affect the outcome of TRAIL-induced apoptosis ([Figure 4c](#fig4){ref-type="fig"}). When we sorted the list of apoptosis-related genes based on differential expression, the most significant change was on *HRK* gene, with striking 16-fold induction in shKDM2B cells compared with shControl cells. The expression of other key apoptosis players, including *CASP7, DAPK1, BAK1* and *TNFRSF10A (DR4)* were also induced between 1.5- to 3.7-fold ([Figure 4c](#fig4){ref-type="fig"}). To validate the RNA-seq results, we designed gene-specific primers ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), performed qRT-PCR and confirmed the differential expression of *HRK* ([Figure 4d](#fig4){ref-type="fig"}). Further, qRT-PCR analyses of apoptosis-related genes showed proapoptotic *DAPK1, CARD16, TNFAIP2, TNFRSF10c, BCL2L11, BMF, XAF1, TNFRSF14, TNFRSF11B, APAF1, CASP1, CASP7, BCL2L2* and *BAK1* were induced, while antiapoptotic *MCL1, BCL11B* and *BCL2A1* were repressed ([Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). These results suggest that silencing KDM2B causes genome-wide transcriptional changes and specifically alters apoptotic machinery in favor of apoptosis in GBM cells.

Because *HRK* was the top induced gene in shKDM2B cells, we further tested its functional association with KDM2B. HRK is a BH3-only Bcl-2 family member that can antagonize antiapoptotic proteins Bcl-2 and Bcl-xL.^[@bib25]^ While *HRK*'s role is mostly studied in nervous system,^[@bib26],\ [@bib27]^ its role in cancers, especially in GBM is not well defined.^[@bib25]^ To assess the increased HRK expression upon KDM2B loss, we performed western blotting and observed increased HRK protein levels in shKDM2B cells compared with controls ([Figure 4e](#fig4){ref-type="fig"}). To then test the role of HRK, we used shRNA targeting *HRK* and observed significant reduction in its mRNA expression ([Figure 4f](#fig4){ref-type="fig"}). Silencing of HRK led to significant but partial recovery from TRAIL-induced death in both shControl and shKDM2B cells ([Figure 4g](#fig4){ref-type="fig"}). These results suggest that *HRK* is potentially a downstream gene regulated by KDM2B and may facilitate TRAIL response in GBM cells.

Silencing of H3K36-specific HMTs leads to the opposite phenotype of KDM2B silencing in GBM cell apoptosis
---------------------------------------------------------------------------------------------------------

H3K36-specific HMTs that catalyze the opposite function of KDM2B are known.^[@bib28]^ Our shRNA library included four of these HMTs, namely SETD2, NSD1, ASH1L and SMYD2. As they carry out the opposite enzymatic activity of KDM2B, we assessed their effects on apoptotic response. We observed significant reduction in gene expression with each corresponding shRNA ([Figure 5a](#fig5){ref-type="fig"}). Individual knockdown of each enzyme did not lead to global differences in H3K36me2 or H3K36me3 levels as assessed by western blotting of histone extracts ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}), suggesting that H3K36me regulation at specific loci might be responsible for the observed phenotypic changes. While silencing of KDM2B followed by TRAIL treatment led to increased cell death, silencing of SETD2, NSD1, ASH1L, and SMYD2 individually led to significantly reduced cell death ([Figure 5b](#fig5){ref-type="fig"}). These results suggest that H3K36 methylation and demethylation at specific loci of apoptosis-related genes potentially regulate the apoptotic response of GBM cells to TRAIL.

Loss of KDM2B attenuates tumor growth *in vivo*
-----------------------------------------------

To examine the effects of KDM2B loss on tumor growth *in vivo*, we generated shControl and shKDM2B cells expressing both firefly luciferase (Fluc) and mCherry. The bioluminescence signals of shControl-Fluc-mCh and shKDM2B-Fluc-mCh cells were comparable *in vitro* ([Figure 6a](#fig6){ref-type="fig"}). To assess the effect of KDM2B loss on long-term GBM growth before *in vivo* implantation, we performed real-time cell analysis of shControl-Fluc-mCh and shKDM2B-Fluc-mCh cells for 200 h. We observed that knockdown of KDM2B alone reduces the proliferation rate of GBM cells in long term ([Figure 6b](#fig6){ref-type="fig"}), while within short term of 24 h the proliferation rate is comparable with control cells, confirming our previous observation ([Figure 2d](#fig2){ref-type="fig"}). Long-term analysis of tumor growth for 30 days with noninvasive bioluminescence imaging revealed that loss of KDM2B also attenuates tumor growth *in vivo* ([Figures 6c and d](#fig6){ref-type="fig"}). Immunofluorescence and histological analysis of the tumors showed that loss of KDM2B led to reduced angiogenic capacity of the tumors as assessed by regular H&E and VEGF staining. Moreover, there were significantly more annexin-V-positive tumor cells within shKDM2B tumors compared with controls ([Figures 6e and f](#fig6){ref-type="fig"}). Taken together, these results suggest that KDM2B silencing led to decreased tumor growth in long term, which may be attributable to the increased basal levels of apoptosis.

Discussion
==========

In this study, we have used an unbiased shRNA screen to show that the deregulation of a CME in a GBM cell line can cause sensitization to TRAIL through induction of proapoptotic machinery. Several lines of evidence support this argument. First, loss of KDM2B cooperated with TRAIL to reduce GBM cell viability and augmented the apoptotic response as assessed by the hallmarks of apoptosis upon TRAIL treatment. Further, whole-genome transcriptome analysis suggested that endogenous levels of KDM2B in GBM is correlated with suppressed state of proapoptotic machinery, whose knockdown results in induction of apoptosis by inducing proapoptotic genes and repressing antiapoptotic genes. *HRK* was the top induced gene upon KDM2B loss and its silencing partially recovered the observed sensitization phenotype, suggesting that *HRK* might be a novel and direct target of KDM2B-mediated apoptosis regulation in GBM cells.

In our screen, the majority of the shRNAs (110/125) targeting CMEs did not affect TRAIL response on their own. However, some were able to prime GBM cells for apoptosis. Although our shRNA screen targeted diverse types of CMEs, such as writers (DNMTs and HMTs), erasers (HDMs), readers (methyl-DNA-binding proteins) and other chromatin regulatory proteins such as polycomb-group proteins (PRCs), it did not cover all types and members of CMEs. For example, HATs and HDACs were not included in the shRNA screen. It will be of interest to see whether shRNA-mediated knockdown of HDACs would prime tumor cells for apoptosis as their small drug inhibition were previously reported to be implicated in TRAIL sensitization.^[@bib29]^

One major hit from our screen was KDM2B. KDM2B is a H3K36me2 demethylase that is indicated as a regulator of cell growth.^[@bib22],\ [@bib30],\ [@bib31]^ KDM2B, by its CxxC-ZF domain, can bind to CpG islands and can catalyze demethylation of H3K36 or H3K4 residues through its JmjC domain.^[@bib24]^ KDM2B has been shown to be required for the tumorigenesis of acute myeloid leukemia, where it acts as an oncogene through silencing *p15/Ink4b*.^[@bib32]^ Similarly, KDM2B has been shown to regulate self-renewal capacity of cancer and cancer stem cells in hematological and pancreatic cancers, and its expression is positively correlated with advanced tumor grade.^[@bib21],\ [@bib22]^ A recent study displayed the protumorigenic role of KDM2B in a broad range of human tumors.^[@bib33]^ To our knowledge, KDM2B has not been studied previously in brain malignancies and the present work is the first study to display its novel oncogenic role in GBMs.

Interestingly, we found that shRNAs targeting the H3K36-specific HMTs, namely SETD2, NSD1, SMYD2, ASH1L, known to conduct the opposite enzymatic activity of KDM2B by catalyzing the addition of methyl groups to H3K36 residues, conferred GBM cells partly resistant to TRAIL-induced apoptosis. Therefore, we believe that H3K36 methylation can be a central regulator of TRAIL-induced apoptosis in GBM cells, and it would be interesting to dissect out the exact molecular mechanism by testing the function of HMTs in combination, and conducting chromatin analysis in the future. We show that short-term KDM2B loss by itself does not cause major changes in cell survival; however, long-term effect of KDM2B suppression is observed in our *in vivo* xenograft models. This suggests that while short-term loss of KDM2B can alter the epigenetic landscape of tumor cells in favor of apoptosis, long-term consequences of the epigenome alterations can reduce proliferation and be detrimental without additional external apoptotic stimuli. Therefore, it will be important to uncouple the exact mechanisms of how KDM2B regulates proliferation rate, survival and apoptosis in GBM cells. In this study, we focused on the examination of apoptotic regulation and showed that KDM2B can alter apoptotic response of GBM cells to TRAIL-induced apoptosis. This is consistent with a previous study showing that KDM2B regulated the apoptotic response of pancreatic cancer cells.^[@bib34]^ Our consistent results with multiple GBM cell lines and multiple proapoptotic agents such as TRAIL and BH3 mimetics suggest that KDM2B could be a global regulator of cell death in GBM cells.

How KDM2B might regulate apoptotic priming in GBM cells was also examined in this study by comparing the transcription profiles of shControl and shKDM2B cells. Accordingly, among many apoptosis-related genes taking place in TRAIL pathway, proapoptotic genes such as *DR4* and executioner *caspase-7* were induced. Interestingly, *HRK*, a BH3-only Bcl-2 family member, that can antagonize antiapoptotic proteins Bcl-2 and Bcl-xL,^[@bib25]^ was the top induced gene. As such, silencing of *HRK* partly recovered the apoptotic sensitization, suggesting that *HRK* is directly linked to KDM2B-mediated regulation. There were other genes that were modulated by KDM2B loss, such as *DAPK1* or *BMF*, which could also be partly responsible for apoptotic sensitization. DAPK1 is a proapoptotic tumor suppressor that has been shown to be inactivated in various cancer settings,^[@bib35],\ [@bib36]^ whereas antiapoptotic BH3-only BMF can also sensitize cells via directly interacting with Bcl-2, Bcl-xL, Bcl-w and Mcl-1.^[@bib37]^ On the other hand, knockdown of KDM2B led to suppression of antiapoptotic genes *MCL1*, *BCL11B* and *BCL2A1*. This could be through an indirect cascade of events or a direct consequence of partial loss of KDM2B.^[@bib22]^ Interestingly, BCL11B silencing has been demonstrated to induce apoptosis in malignancies.^[@bib38]^ BCL2A1 is overexpressed in various cancers and its upregulation is characterized as a major resistance factor against proapoptotic therapy in cancer.^[@bib39]^ MCL1 is one of the key gatekeepers regulating apoptosis and has been targeted by small drug inhibitors to sensitize cancer cells.^[@bib40],\ [@bib41]^ Further research is warranted to understand how KDM2B regulates the expression of these apoptosis regulators at the chromatin level.

Taken together, we show that KDM2B regulates the apoptotic response of GBM cells by turning on the apoptotic machinery that is otherwise dormant. Therefore, combining epigenetic reprogramming drugs with standard chemotherapeutics or with proapoptotic therapies are promising therapeutic approaches. To this end, previously, several agents have been combined with TRAIL, including HDAC inhibitors. Interestingly, bortezomib,^[@bib42]^ MS-275,^[@bib11]^ and a recent drug identified by our group, mitoxantrone,^[@bib43]^ have all suppressed the expression levels of KDM2B in favor of cell death ([Supplementary Figure 11](#sup1){ref-type="supplementary-material"}). Therefore, it is plausible to suggest that regulators of apoptosis might be acting through regulating the central epigenetic machinery in favor of enhanced cell death ([Figure 7](#fig7){ref-type="fig"}).

GBM is a complex cancer with extremely poor prognosis and limited therapeutic options. Therefore, designing new and effective approaches for GBM is necessary. Drugs targeting CMEs are emerging as anticancer therapeutics.^[@bib44]^ Our results corroborate the notion that combinatorial uses of epigenetic drugs with proapoptotic agents hold great promise. To this end, specific chemical inhibitors for CMEs such as a KDM2B inhibitor can yield effective combination therapies for subgroups of GBM patients.

Materials and methods
=====================

Cell lines
----------

U87MG GBM cells and 293T cells were purchased and authenticated from ATCC (Manassas, VA, USA). All cells were cultured in DMEM medium supplemented with 10% FBS and 1% penicillin--streptomycin (Gibco, Grand Island, NY, USA) at 37 °C in a humidified chamber with 5% CO~2~ as described.^[@bib11]^ Puromycin selection was applied at a final concentration of 1 *μ*g/ml for 3--7 days.

Reagents
--------

TRAIL was commercially supplied (Enzo Life Sciences, Farmingdale, NY, USA) or produced from 293T cells as described.^[@bib45]^ Briefly, the extracellular portion of human TRAIL (amino acids 95--281) was cloned into pBabe retroviral expression vectors to produce functionally active TRAIL,^[@bib46]^ which was quantified by TRAIL ELISA according to the manufacturer's instructions (Abcam, Cambridge, UK). Caspase inhibitors (BD Pharmingen, San Diego, CA, USA) were as follows: Z-IETD-FMK (caspase-8 inhibitor), Z-VAD-FMK (general caspase inhibitor), Z-FA-FMK (negative control), Z-LEHD-FMK (caspase-9 inhibitor) and Ac-DEVD-CHO (caspase-3/7 inhibitor). Bcl-2, Bcl-xL inhibitors ABT-263 and ABT-737 were purchased from Cayman Chemicals (Ann Arbor, MI, USA)

Generation of the shRNA library
-------------------------------

One hundred and twenty-five of total shRNAs targeting chromatin-modifying proteins and HRK were designed using the RNAi Codex program. Accordingly, two to three shRNAs were designed using 97-mer oligos and cloning into pSMP vector system. The designed oligos were PCR amplified using the following primer pairs: (forward: 5′-GATGGCTGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG-3′ reverse: 5′-GTCTAGAGGAATTCCGAGGCAGTAGGC-3′). PCR products were gel purified, digested with *Eco*RI and *Xho*I and ligated into the retroviral pSMP vector as described,^[@bib20]^ and verified by sequencing. shRNA targeting the Fluc was used as shControl. The sequences of selected shRNAs are listed in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}; viral packaging was conducted as described.^[@bib20]^ The 293T cells were seeded as 2.5 × 10^6^ cells per plate and transfected with shRNA, VSV-G and pUMVC plasmids with Fugene transfection reagent (Promega, Madison, WI, USA). The virus containing media was collected, filtered through 0.45 *μ*m filters (Millipore, Billerica, MA, USA) and stored at −80 °C.

shRNA screen
------------

U87MG cells were seeded as 2500 cells per well into black 96-well plates. Next day, cells were infected with 80 *μ*l of viral supernatants with protamine sulfate (10 *μ*g/ml) in triplicates. After 2 days, puromycin (1 *μ*g/ml) was added for 3 days. Following selection, cells were treated with TRAIL (100 ng/ml) or control solution for 24 h, followed by cell viability assays. shRNAs that caused reduction in cell viability, as well as shRNAs that augmented TRAIL response in at least two independent experiments, were identified and further characterized.

Cloning
-------

The 4617 bp ORF of KDM2B in pCAG-puro, including 2x Strep-tag II and 1x FLAG-tag at its N terminus, was cloned by the flanking *Eco*RI cut sites into retroviral pBabe-puro mammalian expression vector.

Cell viability and caspase activity assays
------------------------------------------

Viability of the cells was measured using ATP-based Cell Titer Glo assays (Promega) according to the manufacturer's instructions using a plate reader (BioTek's Synergy H1, Winooski, VT, USA). All experiments were performed in triplicates. To further validate KDM2B phenotype, stable cell lines of shKDM2B or shControl cells were expanded for three to four passages. Accordingly, 10 000 cells per well were seeded in triplicates and treated with TRAIL (0--100 ng/ml) for 24 h. To test caspase inhibition, each caspase inhibitor was used at 20 *μ*M final concentration; cells were cotreated with inhibitors and TRAIL. For caspase activity measurements, cells were seeded in 96-well plates as 10 000 cells per well in triplicates, treated with TRAIL (0--100 ng/ml) for 3 h and caspase-8 and -3/7 activities were measured using Caspase Glo (Promega) assays according to the manufacturer's instructions.

Real-time cell growth analysis
------------------------------

xCELLigence RTCA SP Station and Analyzer (ACEA Biosciences, San Diego, CA, USA) was used for real-time cell growth analysis. The 1000--5000 U87MG cells per well were seeded, and impedance of the wells were measured with 20 min intervals for 24 or 202 h. The amount of cell growth was analyzed and plotted using the RTCA Software (ACEA Biosciences).

Live-cell microscopy
--------------------

All live-cell imaging experiments were carried out by Olympus Xcellence Pro inverted microscope (Center Valley, PA, USA) with a × 10 air objective in a chamber at 37 °C, supplied with 5% CO~2~. Time-lapse images were captured right after TRAIL treatment for 24 h as 1440 frames per minute. Five random positions were recorded per sample per well. The number of apoptotic bodies was counted on each window using the ImageJ Software (NIH Image, Bethesda, MD, USA). Particles having size (pixel\^2) of 10 to infinity and circularity of 0.60--1.00 were denoted as apoptotic bodies on each frame.

qRT-PCR analysis
----------------

RNA isolation and cDNA synthesis were performed as described.^[@bib43]^ qRT-PCRs was carried out using the primers in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Details of qRT-PCR are given in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Cell lysate preparation, histone extraction and immunoblotting
--------------------------------------------------------------

Cell lysate preparations were carried out as described previously.^[@bib43]^ Details of histone extraction and immunoblotting are given in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

*In vivo* experiments
---------------------

All *in vivo* experiments were approved by the institution review boards of Koç University (HADYEK no. 2014-22). U87MG cells stably expressing shControl or shKDM2B were used for *in vivo* experiments. Cells were supertransduced with lentiviral vectors encoding Fluc and mCherry as described.^[@bib46]^ mCherry expression was verified with red fluorescence, and Fluc activity was verified with *in vitro* luminescence assays. Accordingly, increasing number of cells (0--50 000/well) were seeded on 96-well plates and incubated with [d]{.smallcaps}-luciferin (10 *μ*g/ml) for 10 min. Bioluminescence was measured by BioTek's Synergy H1 plate reader.

A 6--8-week-old SCID mice were used for tumor implantation. A total of 2.5 × 10^6^ cells that stably expressed Fluc and mCherry were injected in 50 *μ*l PBS subcutaneously into seven SCID mice. One day after injection, tumor cells were visualized by Fluc imaging using IVIS Lumina III equipment (Perkin-Elmer, Rodgau, Germany) by injecting mice with 150 *μ*g/g body weight of [d]{.smallcaps}-luciferin (Biotium, Fremont, CA, USA) intraperitoneally. Tumor progression was monitored with sequential Fluc bioluminescence activity over a period of 1 month. All imaging experiments were performed under isoflurane anesthesia. Following data acquisition, mean, standard deviation and sum of the photon counts in the regions of interest were calculated and plotted. At the end, the tumors were dissected and analyzed with immunohistochemistry.

Immunohistochemistry
--------------------

Sections of tumors were analyzed by immunohistochemistry as described.^[@bib46]^ Details are given in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

RNA-seq and analysis
--------------------

Total RNAs of shControl and shKDM2B cells were isolated, RNA-seq library for each sample was prepared based on protocols on Illumina HiSeq 2500 to generate 50 bp single-end reads. The data discussed in this publication have been deposited in NCBI\'s Gene Expression Omnibus,^[@bib47]^ and are accessible through GEO series accession number GSE81043 (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81043>). Differentially expressed genes between shKDM2B and shControl were detected using DESeq,^[@bib48]^ the complex biological processes induced by shKDM2B as compared with shControl were examined in the context of functional groups with Ingenuity Pathways Analysis, a web-delivered commercial application. Details of library preparation, statistical and functional analysis of differentially expressed genes are explained in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

Data were analyzed by Student\'s *t*-test when comparing two groups. Data were plotted as mean±s.e.m. and *P*-values were calculated. \*, \*\* and \*\*\* denotes *P*\<0.05, *P*\<0.01 and *P*\<0.001 on the figures.
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![shRNA screen for TRAIL regulating CMEs in GBMs. (**a**) Schematic diagram of the experimental setup for the shRNA TRAIL screen in U87MG cells. Cells were individually infected with 125 different shRNAs targeting CMEs and selected with puromycin. Viability analysis was conducted after 100 ng/ml TRAIL treatment for 24 h. (**b**) Table of categorized 48 different CMEs targeted in the shRNA screen. (**c**) Percent viability analysis of the untreated cells after infection. (**d**) Percent change viability analyses of the infected and TRAIL-treated cells. (**e**) Top sensitizer hits below 2 S.D. Data were normalized to shControl cells. Red bar indicates shControl. Genes lying below and over that of shControl were classified as suppressors and enhancers of apoptosis, respectively. Dotted lines indicate 2 S.D. from % viability change of shControl cells](cddis2017288f1){#fig1}

![Loss of KDM2B sensitizes GBM cells to TRAIL. (**a**) Expression analysis of KDM2B in shControl and shKDM2B GBM cells. Expression levels were normalized to shControl cells. (**b**) Western blot analysis of GBM cells expressing either control shRNA or one of shRNAs targeting KDM2B. (**c**) Viability analyses of GBM cells showing reduced viability against TRAIL upon KDM2B knockdown. (**d**) Real-time viability analysis of shControl and shKDM2B cells upon TRAIL treatment for 24 h. Cell indices were normalized to time of TRAIL addition. (**e**) Representative images of shControl and shKDM2B cells treated with TRAIL for 24 h. Images were taken from same coordinates by inverted live-cell light microscope (× 10 magnification). (**f**) Plot displaying numbers of apoptotic bodies per frame in shControl and shKDM2B fields, quantified using ImageJ (*n*=3 different fields) (\*, \*\* and \*\*\* denotes *P*\<0.05, *P*\<0.01 and *P*\<0.001, two-tailed Student's *t*-test). All experiments were conducted with U87MG cells with 100 ng/ml TRAIL treatment. (**g**) Viability analyses of GBM cells showing less TRAIL response upon KDM2B overexpression. (**h**) Western blot analysis of GBM cells overexpressing control (pBabeGFP) or KDM2B (pBabeKDM2B)](cddis2017288f2){#fig2}

![GBM cells display augmented apoptotic response upon KDM2B silencing. (**a**) Caspase-3/7 and (**b**) caspase-8 activity analyses of shControl and shKDM2B cells after 3 h treatment with TRAIL. Data were normalized to untreated shControl cells. (**c**) Western blot analyses of control, shControl and shKDM2B cells for cleaved PARP, caspase-3 and caspase-7 after 6 h treatment with TRAIL. (**d**) Cell viability analyses of shControl and shKDM2B cells cotreated with TRAIL and caspase-8, caspase-9 or general caspase inhibitors. Data were normalized to untreated cells of each condition (\*, \*\* and \*\*\* denotes *P*\<0.05, *P*\<0.01 and *P*\<0.001, two-tailed Student's *t*-test). All experiments were conducted with U87MG cells with 100 ng/ml TRAIL treatment](cddis2017288f3){#fig3}

![KDM2B regulates apoptotic machinery at transcriptional level in GBM cells. (**a**) Ingenuity pathway analysis of RNA-seq results. (**b**) List of the top 10 canonical pathways that were most significantly upregulated or downregulated upon KDM2B loss. (**c**) Custom list of genes displaying top deregulated apoptosis-related genes along with transcript level of KDM2B (*n*=2 biological replicates, average number of reads of shKDM2B cells were normalized to shControl cells). (**d**) qRT-PCR validation of HRK gene expression levels of shKDM2B cells. Expression levels were normalized to shControl. (**e**) Western blots showing HRK upregulation in shKDM2B cells at the protein level (**f**) qRT-PCR quantification of HRK mRNA level of HRK knockdown cells. Expression levels were normalized to shControl. (**g**) Cell viability analysis upon TRAIL treatment of shControl and shHRK cells transduced with either shControl or shKDM2B. Data were normalized to untreated cells of each group. (\*,\*\* and \*\*\* denotes *P*\<0.05, *P*\<0.01 and *P*\<0.001, two-tailed Student's *t*-test). All experiments were conducted with U87MG cells with 100 ng/ml TRAIL treatment](cddis2017288f4){#fig4}

![Loss of H3K36 HMTs confer GBM cells resistant to TRAIL reduced viability. (**a**) qRT-PCR analysis of mRNA levels of SETD2, NSD1, SMYD2 and ASH1L in transduced U87MG cells. Expression levels were normalized to shControl. (**b**) Viability analysis of U87MG cells expressing shRNAs targeting SMYD2, NSD1, ASH1L and SETD2 upon 100 ng/ml TRAIL treatment. Data were normalized to untreated condition of each group (\*,\*\* and \*\*\* denotes *P*\<0.05, *P*\<0.01 and *P*\<0.001, two-tailed Student's *t*-test)](cddis2017288f5){#fig5}

![Knockdown of KDM2B attenuates tumor growth *in vivo*. (**a**) Plot demonstrating *in vitro* bioluminescence of shControl and shKDM2B cells transduced with Fluc-mCh constructs. (**b**) Long-term growth dynamic of shControl and shKDM2B cells were assessed by real-time cell analyzer for 202 h (*n*=6 wells for each group). (**c**) shControl-Fluc-mCh and shKDM2B-Fluc-mCh cells were subcutaneously implanted into nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice and assessed for tumor growth for 30 days. Representative images of bilateral tumors of same mice from days 1, 14 and 22 displaying normalized bioluminescent efficiencies acquired (blue to red indicates lower to higher radiance as photons/s/cm^2^/steradian). (**d**) Tumor growth was measured by bioluminescent radiance on five time points for 30 days. Data were normalized to day 1 signal of each group (*n*=7 tumors per group). (**e**) Representative histology and immunofluorescence sections of tumors stained with H&E, anti-VEGF and annexin-V. (**f**) Number of blood vessels per 18 mm^2^ are counted and plotted (*n*=3 fields per tumors)](cddis2017288f6){#fig6}

![A possible mechanism of KDM2B regulation of apoptotic response in GBM cells. KDM2B modulates the H3K36 methylation levels of target proapoptotic genes to suppress their expression levels. RNAi-mediated knockdown or TRAIL-sensitizing agents downregulate KDM2B, which in turn lead to sensitization of GBM cells by increased transcription of proapoptotic genes. In accordance, silencing of HMTs responsible for the same histone modification confers GBM cells more resistant to TRAIL-induced apoptosis](cddis2017288f7){#fig7}
